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Abstract:
A preliminary iterative 3D meso-scale structural model of the femur was developed, in which bar 
and shell elements were used to represent trabecular and cortical bone respectively. The cross-
sectional areas of the bar elements and the thickness values of the shell elements were adjusted 
over successive iterations of the model based on a target strain stimulus, resulting in an optimised 
construct. The predicted trabecular architecture, and cortical thickness distribution showed good 
agreement with clinical observations, based on the application of a single leg stance load case 
during  gait.  The  benefit  of  using  a  meso-scale  structural  approach  in  comparison  to  micro or 
macro-scale  continuum  approaches  to  predictive  bone  modelling  was  achievement  of  the 
symbiotic goals of computational efficiency and structural description of the femur.
1. Introduction:
It has long been observed that the structural composition of the femur (thigh bone), is adapted in  
response to the mechanical  environment that  it  is  subjected to.  In  cross-section  the proximal 
femur (close to the hip joint), is composed of two distinct types of bone as illustrated in Figure 1, 
which shows a labelled diagram of a coronal (frontal) slice of the proximal femur. Cortical bone is 
formed from a layer of low porosity, high stiffness bone, of varying thickness on the outside of the 
femur. Trabecular bone is formed from a series of struts, giving rise to a structure in which there is  
a spacial variation of continuum level porosity and directionally dependent stiffness throughout 
the femur. At a tissue level cortical and trabecular bone can be considered to be the same material,  
with varying material properties being a result of the architecture. Both the varying thickness of 
the cortical bone and the structural properties of the trabecular bone are thought to be a result of  
the forces placed on the femur, which include the joint contact forces at the hip and knee joints,  
and muscle forces, which act on the cortex (cortical surface) of the femur to facilitate balance and 
movement.  It  is  generally  accepted  that  the  resulting  structure  of  the  femur  is  optimised  to 
withstand the applied forces using a minimal amount of material.
It has been hypothesised that the structure of trabecular bone in particular follows trajectories of  
compressive and tensile stress, resulting in an optimised structure. This hypothesis originates from 
observations by Culmann (an engineer) and von Meyer (an anatomist) that the internal structure 
of a frontally  sectioned proximal  femur resembled the sketched stress trajectories of a curved 
(Fairbairn) crane (Culmann 1866, von Meyer 1867). Culmann was a pioneer of graphical methods 
in engineering, publishing  Die graphische Statik (Graphical Statics) in 1866. It is of note that in 
drawing the trajectory arrangement of trabeculae in the proximal femoral head, von Meyer did not 
imply  that  the  trajectories  were  orthogonal.  In  his  work  Das  Gesetz  der  Transformation  der  
Knochen (The Law of  Bone Remodelling)  (Wolff  1986) Wolff  criticised von Meyer for  this,  and 
produced a trajectory diagram of the proximal femur in which trajectories met at right angles, the 
implication at a continuum level being that trajectories occur along lines of principal stress. Koch, 
in his work  The Laws of Bone Architecture  (Koch 1917) also argues that trabecular trajectories 
should be orthogonal, based on trajectories following principal stress directions at a continuum 
level. The  reader  is  directed  to  Skedros  &  Baucom  (2007) for  an  in-depth  discussion  of  this 
assumption. Suffice it to say that under examination trabecular architecture is demonstrated not 
to  be  orthotropic  throughout  the  proximal  femur.  It  has  been suggested  that  non-orthogonal 
trabecular intersections offer increased shear resistance  (Pidaparti & Turner 1997), significant if 
the  femoral  structure  is  considered to  be  optimised  for  a  range  of  loading  scenarios.  Wolff's 
observations are often now erroneously referred to as 'Wolff's law' in studies investigating bone 
modelling and remodelling (resorption and apposition of bone). Figure  2 shows diagrams of the 
representations of the cross-sectional trabecular arrangement in the proximal femur as proposed 
by von Meyer, Wolff and Koch.
Figure 1: Labelled diagram of a coronal slice from the proximal femur
(a) von Meyer
(b) Wolff
(c) Koch
Figure 2: Representations of the trabecular arrangement in the proximal femur based on (a) 
von Meyer (1867) , (b) Wolff (1986) and (c) Koch (1917).
Singh et al. (1970) along with others identify five distinct trabeculae groups in the proximal femur. 
These  are  described  briefly:  the  principal  compressive  group  carries  load  from  the  hip  joint,  
through the femoral head towards the medial (close to the centreline of the body) cortex; the 
primary tensile group arches from the lateral (distant to the centreline of the body) cortex through 
to the femoral head; the secondary compressive group spans in a diffuse manner from the medial  
cortex across the femoral shaft; the secondary tensile group spans in a diffuse manner from the  
lateral cortex across the medial shaft; the greater trochanter group is thought to be a tensile group 
running within the greater trochanter. Also noted are the presence of Ward's triangle, an area of  
low trabecular density, as well as the femoral canal running between the medial and lateral cortex 
of the femoral shaft.
Frost (2003) introduced the idea of the 'mechanostat'.  The essence of the mechanostat is the 
notion that bone adapts towards a target strain, similar to a thermostat regulating heating and 
cooling towards a target temperature.  Based on the mechanostat if  bone experiences a strain 
higher than the target strain apposition occurs,  causing the strain to revert towards the target  
strain. While if bone experiences a strain lower than the target strain resorption occurs,  again  
causing the strain  to revert  towards the target strain.  Frost also proposed a lazy  zone for  the 
mechanostat, similar to allowing a thermostat to maintain temperature between two values, only 
regulating heating or  cooling when the temperature  goes  outside the range.  In  addition Frost 
suggested values for complete bone resorption as well as yield and fracture strain.
Although it is clear that a significant proportion of the biomechanical behaviour of the femur can 
be attributed to its structure, it has not been common for a structural approach to be taken when 
attempting to resolve the distribution of cortical  and trabecular bone within the femur, and in 
particular  the  varying  thickness  of  the  cortical  bone,  and  varying  structural  properties  of  the 
trabecular bone. Rather is has been common to adopt a continuum level approach. Continuum 
level  approaches  can be split  into  two categories;  those  in  which  the solid  elements  used to 
represent  bone  in  the  femur  are  larger  than  the  individual  structural  elements  in  the  femur, 
referred to as a macro-scale approach; those in which the solid elements used are smaller than the 
individual  structural  elements,  referred  to  as  a  micro-scale  approach.  Macro-scale  predictive 
models treat the femur as a complete continuum without voids, varying material properties for 
each  element  in  an  attempt  to  replicate  the  overall  behaviour  (Carter  et  al.  1989).  Material 
properties used in subject  specific  macro-scale  models of  the femur are derived based on CT 
(computed tomography) data, where the greyscale values can be converted to an isotropic value 
for Young's modulus  (Bitsakos et al.  2005).  Micro-scale predictive models treat the femur as a 
binary system with bone either being present or not, and with a single material property being 
adopted for bone  (Tsubota et al.  2009).  The arrangement of  solid elements in subject specific 
micro-scale models are derived based on μCT (micro CT), using a single greyscale threshold value 
to distinguish between solid bone material and void  (van Rietbergen et al. 2003, Verhulp et al. 
2006). Macro-scale modelling has the advantage of being computationally efficient,  but suffers 
from treating trabecular  bone in particular  as an isotropic  material,  thus not representing the 
structure  of  the  bone.  Micro-scale  modelling  suffers  from  being  extremely  computationally 
demanding,  and is  sensitive to the threshold value chosen to delineate bone. In addition  μCT 
imaging is time consuming and can only be carried out on cadaveric samples due to the associated 
radiation dose.
Macro-scale 2D (Miller et al. 2002) and 3D (Geraldes & Phillips 2010) orthotropic predictive models 
have  been  introduced  recently  in  an  attempt  to  provide  additional  directional  information  in 
comparison to isotropic predictive modelling (Carter et al. 1989). These are based on orientating 
material properties with respect to principal stresses, and altering material properties based on 
associated  local  strains.  Anisotropic  material  models  may  offer  more  directional  information, 
although it is conceptually challenging to imagine what stimuli could be used to drive such models.
Thus it is is desirable to investigate a method of capturing the structural behaviour of the femur in 
a way that has not been achieved using a macro-scale model, but which is more computationally 
efficient than using a micro-scale model. This study presents an iterative structural model of the 
femur, in which shell elements are used to represent cortical bone, and beam elements are used to 
represent trabecular bone. The model can be viewed as operating on the meso-scale, in that the 
individual structural elements are larger than those found in-vivo, but are believed to be capable of 
capturing the overall structural behaviour of the femur.
2. Method:
The initial structural model of the femur was created based on a CT scan of a  Sawbones fourth 
generation composite  femur (#3403).  The CT data was processed in  Mimics to  create  a  mesh 
composed of 113103 four noded tetrahedral elements of the internal volume of the femur with an 
average element edge length of 4.50mm (SD 1.23mm). The node and element information for the 
mesh was then exported and adapted using MATLAB. 
2.1 Base model:
The nodes and element faces on the surface of the continuum tetrahedral mesh were used to 
define three noded triangular shell elements, taken to be representative of cortical bone. An initial  
thickness  of  0.1mm was  assigned  to  all  shell  elements.  The  internal  nodes  of  the  continuum 
tetrahedral mesh were used to develop a network of truss elements. This was done by finding the 
nearest 16 nodes to each node, and defining two noded truss elements connecting between the 
node under consideration and its 16 nearest neighbours. Truss elements were assumed to have a  
circular  cross-section with an initial  radius of 0.1mm. Through this  process an initial  structural  
model of the femur was created with 10410 cortical shell elements, and 218717 trabecular strut  
elements.  Using a minimum connectivity  at  each node of  16,  it  was assumed that a range of 
trabecular  strut  directionalities  would  be  present,  allowing  specific  regional  directionalities  to 
develop during the iterative bone modelling process. Further work will investigate changing the 
initial number of connections. It should be noted that choosing the 16 nearest neighbours to each 
node, results in a minimum connectivity of 16, while the maximum connectivity is higher.  The 
material  assigned to  all  elements  was  bone,  with  a  Young's  modulus  of  18,000N/mm2,  and  a 
Poisson's ratio of 0.3, based on literature values for bone at the tissue level (Turner et al. 1999).
The base model, and each successive iteration was subject to a combination of loads acting on the 
proximal femur representative of the joint contact force, the action of the abductor muscles and 
the iliotibial band at the point of maximum hip joint contact force associated with normal walking 
(Bergmann et al.  2001). Fixed boundary conditions were applied on the condyles on the distal 
femur (close to the knee joint). This load case was adopted as it represents the maximum load  
combination for the most frequent daily activity (Morlock et al. 2001). For this preliminary study 
loads were applied as point loads as shown in  Figure  3, with the exception of the joint contact 
force which was distributed over seven nodes. This was considered reasonable as the insertion 
areas of the abductor muscles and iliotibial band on the femur are relatively small, in comparison 
to the large surface area of the femoral head, through which loads are transferred at the hip joint.  
Values of the loads in the adopted spacial coordinate system are given in Table 1.
Figure 3: Finite element model of the femur showing boundary conditions and loading. JCF 
is the joint contact force, ABD is the abductor muscle force, and ITB is the iliotibial band force.
Table 1: Loading applied to the finite element model
Force x-axis component (N) z-axis component (N)
Joint contact force -520 -2445
Abductor muscles 428 1175
Iliotibial band 0 -625
2.2 Iterative Process:
Based on the Mechanostat proposal (Frost 2003) successive iterations of the base model were run 
with the thickness of  individual  cortical  bone shell  elements,  and radii  of  individual  trabecular 
bone  truss  elements  being  varied  with  each  iteration  according  to  the  resulting  strain 
environment. The iterative process was controlled using MATLAB, while successive finite element 
models  were  run  using  the  Abaqus/Standard  solver.  The  adopted  values  of  absolute  strain 
associated with the dead zone, bone resorption, the lazy zone and bone apposition, as well as 
target strain are given in Figure 4. For reference bone yield and fracture strain values are indicated, 
although it should be noted that these were not considered during this study.
The cross-sectional area of each of the truss elements with an absolute axial strain value outside of 
those defined by the lazy zone was adjusted linearly between successive iterations based on the 
algorithm:
Ai1=Ai
 i
 t
(Equation 1)
where Ai is the cross-sectional area for the current iteration, i is the absolute axial strain, 
t is the target absolute axial strain, and Ai1 is the new cross-sectional area.
The cross-sectional areas of the truss elements were allowed to vary between values associated 
with minimum and maximum radii of 0.1mm and 2.0mm. Although somewhat arbitrarily chosen 
these values were considered to correlate on a meso-scale with observed values for trabecular 
thickness on a micro-scale.
Based on the mechanostat resorption limit truss elements with a minimum radius of 0.1mm and 
an axial strain below 250µε in one iteration were assigned a near zero radius of 0.001mm for the 
next iteration. This allowed for the effective removal of truss elements from the model,  while  
Figure 4: Adopted values of strain associated with the dead zone, bone resorption, the lazy 
zone, and bone apposition, as well as the target strain.
maintaining the numerical stability of the computational model. In subsequent iterations if the 
strain in one of these near zero area truss elements rose above 2,500,000µε, in the next iteration 
the element was assigned the minimum radius of 0.1mm, in effect allowing removed elements to  
regenerate.  The  value  of  2,500,000µε  was  chosen based on  the  ratio  of  the  minimum cross-
sectional area and the near zero cross-sectional area. 
The cross-sectional thickness of each of the shell  elements with a maximum absolute principal  
strain value,  occurring on either the top or bottom surface of the the shell element, outside of  
those defined by the lazy zone was adjusted linearly between successive iterations, in a similar 
manner to the cross-sectional areas of the trust elements.
Although it would be possible to isolate bending and axial strains within the shell elements, and 
produce a more sophisticated algorithm on this basis, a linear approach was found to provide a  
suitable  convergence  rate.  The  thickness  values  of  the  shell  elements  were  allowed  to  vary 
between minimum and maximum values of 0.1mm and 10mm. The values correlate with observed 
values  in  the  femur  (Stephenson  &  Seedhom  1998,  Treece  et  al.  2010).  The  mechanostat 
resorption limit was not applied when modelling  the  cortical bone.
In order to improve the computational efficiency in  Abaqus  instead of assigning each trabecular 
and cortical element a unique radius or thickness, elements were classified into 1 of 256 sections,  
spaced  equally  between  the  limits  for  radius  and  thickness  as  appropriate.  The  model  was 
considered to have reached a converged state when 99% of the trabecular and cortical elements  
remained in the same section classification between consecutive iterations, and when the change 
in the effective number of trabecular elements (non near zero area elements) was below 0.1% 
between iterations. The developed iterative model was found to be robust, with numerical stability 
maintained when input parameters were varied.
Results:
Convergence  was  found  to  take  42  iterations  based  on  the  chosen  convergence  criteria.  The 
effective number of trabecular elements in the converged model was 63,682. The total volumes of 
trabecular and cortical bone were found to be 16,508mm3 and 81,506mm3 respectively. The mean 
and standard deviations of the nodal connectivity for the trabecular bone was found to change 
from 21.30 (SD 5.51) for the base model, to 9.96 (SD 5.02) for the converged model.
Figure 5 shows diagrammatic plots of a 5mm thick slice of the derived structure of the proximal 
femur at the first, fifth,  and converged iterations of the model. Also shown is the original model 
configuration.  In  order  to  enhance  the  appearance  of  the  trabecular  structure,  the  active 
trabecular elements are scaled based on the cross-sectional area, while the cortical bone is scaled 
based on the thickness. The greyscale value of the trabecular bone is also varied based on the 
cross-sectional  area,  with  darker  areas  representing  larger  cross-sectional  areas,  while  cortical 
bone is shown in grey. For cortical bone, element edges, as opposed to element faces, have been 
plotted so as not to give a false impression of thickness over the depth of the slice.
Figure  6 shows shows diagrammatic  plots  of  a  5mm thick  slice  of  the proximal  femur  in  the 
converged state highlighting parts of the structure predominantly under tension or compression, 
based on the applied loading and boundary conditions.
(a) Original configuration (b) 1st Iteration
(c) 5th Iteration (d) Converged configuration
Figure 5: 5mm slice through the proximal femur for the (a) original, (b) 1st, (c) 5th and (d) 
converged iterations. Trabecular bone size and greyscale value is scaled based on the cross-
sectional area; cortical bone size is scaled based on the thickness.
(a) Structures under tension (b) Structures under compression
Figure 6: 5mm slice through the proximal femur for the converged state, showing (a) those 
structures predominantly under tension and (b) those structures predominantly under 
compression, based on the applied loading and boundary conditions.
Discussion:
From Figure 5 it is observed that following a massive stiffening of the femoral structure compared 
to the base model in the first iteration, convergence towards to final iteration is rapid, with the 
structure at the end of the fifth iteration being similar to the structure at the final iteration, with 
the exception of the presence of the femoral canal.
Comparing both the final iteration in Figure 5 and the structures under tension and compression in 
Figure 6 with the trabecular groups identified by Singh et al. (1970)  a strong qualitative correlation 
is observed, with all five groups being present. In addition, Ward's triangle and the femoral canal 
are clearly visible. The thickness of the cortex, particularly thickening in the femoral shaft and a 
thin layer at  the femoral  head is  consistent  with  previous  clinical  observations  (Stephenson & 
Seedhom 1998, Treece et al. 2010).
For  comparison  with  published values  the  bone  volume  to  total  volume ratio  (BV/TV)  in  the 
femoral head was calculated based on a centralised sphere with a 10mm radius. This gave a value 
of 0.534, which correlates well with a measured maximum BV/TV in the femoral head of 0.481 
reported by Hilderbrand et al. (1999). It was found however that the predicted value of BV/TV was 
dependent  on  the  radius  of  the  sphere  chosen,  increasing  to  0.802  for  a  5mm radius,  and 
decreasing to 0.290 for a 15mm radius. Modelling limitations that would be expected to give this 
type of localisation include the use of a single load case, and the application of loads such as the 
hip joint contact force over a limited area.
It  should be noted that despite the strong correlation between the predicted structure of the 
proximal femur found as part of this study, and previous clinical observations there are a number 
of limitations to the study. These include the use of axial truss elements for trabecular bone. This 
choice was made in order to restrict the choice of strain stimulus in the trabeculae to a single 
criteria. Physiologically it is clear that that trabeculae will be subject to further axial strain, as well  
as  shear  strain  due  to  shearing,  bending  and  twisting  actions,  in  addition  to  direct  axial  
deformation.  Future  versions  of  the  model  will  investigate  the  use  of  other  strain  criteria  in 
combination with beam elements. The modelling approach used in the study relied on using an  
initially high connectivity to produce a range of trabecular directions. While this was achieved it is  
clear that the resulting finite range of directions may not be sufficient to allow a fully optimised 
structure  to  develop.  Future  versions  of  the  model  will  investigate  methods  of  introducing 
trabeculae with optimised directions as part of the iterative modelling process. 
Further limitations include the use of point loads to represent the joint contact and muscle loads,  
as  well  as  the use  of  a  reduced set  of  muscle  forces,  and simplified  boundary  conditions.  In  
examining the proximal femur these assumptions are likely to lead to inaccuracy in the predicted  
structures around the greater trochanter and femoral head, while attempt has not been made as 
part of this study to investigate the distal femur, due to the use of fixed boundary conditions. In 
addition the study only considered a single load case, while it  is  clear  that physiologically  the 
structure  of  the femoral  construct  will  be  optimised for  a  range of  activities.  It  is  planned to 
address these limitations by combining the current iterative model with a soft or free boundary  
condition modelling approach developed previously  (Phillips  et  al.  2007,  Phillips  2009),  over a 
range  of  activities  to  allow a  more  physiological  representation  of  the  action  of  muscles  and 
ligaments surrounding the femur, as well as the use of distributed joint contact forces.
Both  macro  and  micro-scale  continuum  models  are  seen  to  have  distinct  advantages  and 
disadvantages. Macro-scale models are computationally efficient, but to date it has been found 
that they are limited to modelling bone material in an orthotropic manner.  Micro-scale models 
represent the structure properties of bone, but are extremely computationally intensive. Tsubota 
et al. (2009) presented a detailed micro-scale iterative model of the femur using around 93 million 
hexahedral elements based on an 87.5µm voxel resolution. Results from this preliminary study are 
qualitatively similar using around 0.25% of the number of elements.
While appropriate modelling approaches should be adopted for particular situations, meso-scale 
structural modelling is seen as an attractive alternative that addresses some of the disadvantages 
of both macro and micro-scale continuum modelling.
Conclusion:
A structural  optimisation approach has been used in assessing the biomechanics of the femur. 
Based on its similarity to clinical observations, the resulting predicted structure appears to support 
the concept of the proximal femur as a structure optimised to withstand the applied forces using a  
minimal amount of material. The use of a structural as opposed to a continuum approach allowed 
the  creation  of  an  extremely  computationally  efficient  model,  particularly  in  comparison  to 
continuum  models  operating  on  the  micro-scale.  The  developed  trabecular  structure  was  not 
limited to being orthotropic, in constrast to current macro-scale continuum models.
The use of  a  structural  approach  to modelling and understanding  musculo-skeletal  systems in 
biomechanics  is  seen  to  have  potential  as  a  complementary  approach  to  other  modelling 
techniques.  It is intended that the approach developed in this study will be combined with other  
methods in order to produce a complete structural model of the musculo-skeletal system.
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